To characterize the factors involved in the production of volatile aldehydes during mashing, a model mashing experiment was done. After we inactivated the endogenous lipoxygenase (LOX) activity in the mash by mashing at 709 C for 30 min, further incubation with recombinant barley LOX-1 stimulated the accumulation of 2( E )-nonenal; however, this eŠect was signiˆcantly reduced by boiling the mash sample. The result suggests that both LOX-1 and a heat-stable enzymatic factor are involved in the production of 2( E )-nonenal during mashing. Malt contained fatty acid hydroperoxide lyase-like activity (HPL-like activity) that transformed 9-hydroperoxy-10( E ),12(Z )-octadecadienoic and 13-hydroperoxy-9(Z ),11( E )-octadecadienoic acid into 2( E )-nonenal and hexanal, respectively. Proteinase K sensitivity tests showed that they are distinct factors. 9-HPL-like activity survived through the mashing at 709 C for 30 min but was inactivated by boiling, suggesting it will be the heat-stable enzymatic factor found in the model mashing experiment.
Flavor-active compounds derived from lipid oxidation such as 2( E )-nonenal, 2,4( E, E )-decadienal, hexanal, and hexenal have glassy or fatty odors, and they have a large impact on the qualities of foods and beverages. 1) In beer making, it has been considered that the major contributors of the cardboard ‰avor, which arises when a beer is stored at a high temperature or for a prolonged period, are oxidized lipids derived from fats in the malt.
2) Among them 2( E )-nonenal has a very low ‰avor threshold in beer (0.7 nM, 0.1 ppb).
3) It is not detectable in the fresh one but becomes detectable after storage at room temperature for a few months. Theseˆndings caused brewing scientists to investigate the mechanism for the formation of 2( E )-nonenal in beer making and to develop process-controlling methods for improving ‰avor stability of beer by preventing lipid oxidation during storage.
Because no signiˆcant diŠerence in the concentration of 2( E )-nonenal was observed in the oxygenreceiving and oxygen-free beers after aging, it is considered that the formation of 2( E )-nonenal by storage is not due to the lipid oxidation in the bottle. 4) Drost found a correlation between lipoxygenase activity of malt and 2( E )-nonenal developed in beer after natural aging, and postulated that some of the enzymatically oxidized lipids during the malt mashing process might be a source for 2( E )-nonenal. 5) Malt lipoxygenase-1 (LOX-1) produces 9-hydroperoxy-10( E ),12(Z )-octadecadienoic acid (9-HPOD) during mashing 6, 7) and 9-HPOD could be degraded into 2( E )-nonenal. Until now, the cleavage reaction of linoleic hydroperoxide into 2( E )-nonenal during mashing has been thought to be non-enzymatic. Fatty acid hydroperoxide lyase (HPL), which is well-characterized in dicotyledonous species, catalyzes the cleavage reaction of fatty acid hydroperoxides into oxo-acids and aldehydes including 2( E )-nonenal. HPL is a member of the cytochrome P450 group (CYP74B, C), which plays a role in anti-microbial protection by producing phytooxylipins, [8] [9] [10] and it also aŠects the ‰avors of food products by changing the constituent of volatile aldehydes. 11) In monocots, especially in cereal products including malt, there have been few studies on the presence of HPL activity, or on its role in the production of volatile aldehydes.
In barley seeds, the activity that catalyzes the decomposition of fatty acid hydroperoxide has been reported. This activity was measured by monitoring the decrease of 13-HPOD in absorbance at 234 nm, and is referred to as HPOD-decomposing activity or hydroperoxide isomerase. It was only characterized as an enzyme that converts 13-HPOD into a-ketol [9-hydroxy-10-oxo-(12Z )-octadecenoic acid] and gketol [13-hydroxy 10-oxo-(11 E )-octadecenoic acid], so that the possibility that it might also contain HPL has not been veriˆed. 12, 13) Schwarz and Pyler reported that hydroperoxide-decomposing activity is also detected in malt, but only if it is extracted with a buŠer containing Triton X-100, suggesting the enzyme is tightly bound to the insoluble barley grist. 14) Because this activity was not detectable in the soluble fraction of mash at any time during mashing, they concluded this activity is not involved in the lipid oxidation. This report led the brewing scientists to give less attention to the enzymes that decompose fatty acid hydroperoxides with regard to the formation of volatile aldehydes during mashing, and hence further characterization of this activity has not been done. On the other hand, there has been no report on 9-HPOD decomposing activity in malt.
Recently we found a factor that transform linoleic acid into di-and trihydroxyoctadecenoic acids (DHOD and THOD), the beer ingredients giving astringency to the beer ‰avor and reducing`beer head', in combination with LOX-1 in malt. 15) This factor was considered to be an enzyme related to peroxygenase, a member of the plant cytochrome P450s that use fatty acid hydroperoxide as a substrate to catalyze the hydroxylation without NADPH and molecular oxygen. 8) Interestingly, this`peroxygenase-like activity' had higher heat-stability than LOX-1; it was active even it was incubated at 709 C for 30 min, while LOX-1 was inactivated.
The presence of a peroxygenase-like activity in malt and its heat stability implies that HPL or some other related enzymes that belong to the cytochrome P450 group might also exist in malt, and may have similar heat stability. If so, they can act as catalysts for the production of aldehydes during mashing. The objective of this study is to characterize the factors involved in the production of volatile aldehydes during mashing, especially to clarify the presence of factors that transform the products produced by LOX-1 into 2( E )-nonenal in malt. The study would contribute to an understanding of the mechanism underlying the lipid oxidation during mashing, as well as to a practical application in order to improve the ‰avor quality of beer, beverages, and food products using malt. Qualities of these products might be improved by repressing the activities of these enzymes during processing or by selecting a type of malt with lower activity.
Materials and Methods
9( S )-Hydroperoxy-10( E ),12(Z )-octadecadienoic acid and 13(S )-hydroperoxy-9(Z ),11( E )-octadecadienoic acid were from Larodan Fine Chemicals (Malm äo, Sweden). 2( E )-nonenal and hexanal were from Sigma-Aldrich (MO, USA). 1-Nonanol was from Tokyo Kasei Kogyo Co., Ltd. (Tokyo, Japan). A commercial malt (variety; Harrington) was used in this study.
Determination of hexanal and 2(E)-nonenal concentration in a model mashing experiment. The samples prepared (see legend of Fig. 1 ) were centrifuged at 2000×g for 15 min. The supernatant (5 ml) was transferred to a vial containing 3 ml of distilled water, 20 ml of 0.14 mM 1-nonanol in ethanol, and 3 g of NaCl, and capped with siliconcoated caps. Aldehydes accumulated in the vial were trapped by inserting a 100-mm membrane-thick polydimethylsiloxane solid phase micro extractionˆber probe (Spelco, PA, USA) into the headspace of the vial for 15 min. The probe was then introduced into the injection port and thermally desorbed for 5 min at 2609 C onto a DB-1 column (liquid phase＝ dimethylpolysiloxane, 30 m×0.25 mm,ˆlm thickness＝1 mm, J&W Scientiˆc, CA, USA). GC-MS analysis was done with Hewlett Packard HP6890 W MSD system. Select ions used were m W z＝70 for 2( E )-nonenal and 1-nonanol, and m W z＝72 for hexanal. The ‰ow rate of helium gas was 1.0 ml W min. The temperature of the oven was held at 609 C for 1 min, and then raised at 59 C W min to 2609 C. Calibration curves were derived by adding authentic 2( E )-nonenal and hexanal to the sample. Concentration of aldehyde in each sample was measured by the peak area relative to that of internal standard (1-nonanol).
Residual LOX activity in the mash sample (709 C for 30 min) was measured as follows. The mash sample was centrifuged at 3000×g and the supernatant was used as the wort extract. The pellet (5 g) was extracted with 10 ml of 0.1 M potassium phosphate buŠer (pH 6.0), centrifuged at 15,000×g, and the supernatant was used as the grist extract. LOX activity was measured spectrophotometrically as previously reported. 15) Activity was expressed as the rate of formation of conjugated diene chromophore (1 mol W sø1 katal, e＝25,000).
Recombinant barley LOX-1 (rLOX-1) was produced in E. coli, puriˆed by nickel-nitrilotriacetic acid a‹nity chromatography and Mono Q anion exchange chromatography as previously reported. 15) The recombinant enzyme has an additional methionine-arginine-glycine-serine-hexa-histidine tag at the N-terminus of barley LOX-1 protein. To identify the regiospeciˆcity of rLOX-1, a reaction mixture (0.5 ml) containing 22 nkat of rLOX-1 in 0.1 M acetate buŠer (pH 5.5) was prepared, mixed with 25 ml of 4 mM linoleic acid dissolved in ethanol, and incubated at 259 C for 10 min. After ending the reaction by adding 0.5 ml of methanol containing 0.8 mM 2,6-di-t-butyl-4-methylphenol, we extracted it with one milliliter of chloroform. The organic phase was dried under nitrogen and the residue was Malt meal (3.5 g) and 10 ml of water warmed to 709 C were mixed and mashing was done at 709 C for 30 min (conditions 1-4). Mash samples were boiled for 10 min in conditions 3 and 4. In conditions 1 and 2, mash samples were stored on ice. After these mashings and treatments were done, rLOX-1 (26 nkat) was added for condition 1 and 3; for condition 2 and 4, the same amount of heat-inactivated enzyme was added. Finally all these samples (conditions 1-4) were incubated at 509 C for 20 min. Condition (a) and (b) were controls, in which the mashing was done with the same scale as in conditions 1-4; mashing condition of (a) and (b) were 709 C for 30 min and 509 C for 20 min, respectively. Symbols: A, B; Concentrations of 2( E )-nonenal and hexanal, respectively, accumulated in the model mashing samples (condition a, b, 1-4), were measured by GC-MS analysis. Error bars show the diŠerence between the two determinations. dissolved with 0.15 ml of hexane. Linoleic acid hydroperoxide was analyzed by straight-phase high pressure liquid chromatography (SP-HPLC) using a YMC-Pack SIL A-012 column (150×6 mm, YMC Co., Ltd., Kyoto, Japan) added to a C-R7A W LV-10A HPLC system (Shimadzu, Kyoto, Japan). The mobile phase consisted of a mixture of hexane, isopropanol, and acetic acid (97.3:2.5:0.2, v W v W v, ‰ow rate of 1 ml W min). The products were monitored by their absorbance at 234 nm.
Assay of fatty acid hydroperoxide lyase-like (HPLlike) activity in malt. One gram ofˆnely milled malt ‰our was added to 10 ml of 0.1 M potassium phosphate buŠer (pH 6.0) containing 0.15z TritonX-100. After this was stirred at room temperature for one hour, it was centrifuged at 15,000×g for 20 min and the supernatant was used as an enzyme extract. Portions of extract (100 ml) wereˆlled up to 1 ml with 0.1 M potassium phosphate buŠer (pH 6.0) in a vial and 10 ml of either 2 mM 9-or 13-HPOD dissolved in ethanol was added. For the preparation of a negative control, extract (100 ml) was boiled for 10 min. For the proteinase K sensitivity tests, the same amount of extract was mixed with 10 ml of 20 mg W ml Proteinase K (Roche Diagnostics, Basel, Switzerland) and incubated at 429 C for one hour. After the addition of the substrate, the vial was immediately capped and incubated at 409 C for 15 min with agitaiton. Aldehydes accumulated in the vial were trapped by inserting 100-mm membrane-thick polydimethylsiloxane solid phase micro extractionˆber probe (Spelco, PA, USA) into the headspace of the vial for 15 min. Aldehydes accumulated in the vial were put through GC-MS as previously described (see above). The amount of 2( E )-nonenal and hexanal were measured by the standard calibration curves constructed using the authentic 2( E )-nonenal and hexanal solution in an enzyme-free reaction mixture.
Assay of 9-and 13-HPOD decomposing activity in malt. Hydro peroxide-decomposing activity was measured by the rate of decrease of 9-or 13-HPOD at 234 nm. An extract was prepared by the same protocol as described in the HPL-like activity assay. The reaction mixture consisted of 485 ml of 0.1 M potassium phosphate buŠer (pH 6.0), 5 ml of either 2 mM 9-HPOD or 13-HPOD in ethanol, and 10 ml of extract. Activity was expressed as the rate of degradation of the conjugated diene chromophore (1 mol W sø1 katal, e＝25,000).
Results

Analysis of factors involved in the production of 2(E)-nonenal during mashing
To clarify the presence of a heat-stable factor that catalyzes the production of 2( E )-nonenal and hexanal in combination with LOX-1, a model-scale mashing was done. The experiment was designed on an assumption that the potential heat-stable factor will survive after mashing at 709 C for 30 min, while LOX activity will be inactivated. Four kinds of conditions were created: in conditions 1 and 2, mashings were done at 709 C for 30 min to inactivate the endogenous LOX, but not to inactivate the potential heat-stable factor. We checked the LOX activities in both the wort and grist after this mashing procedure to conˆrm their absence. In conditions 3 and 4, after the same mashing was done as in condition 1 and 2, they were further boiled for 10 min; we attempted to create the conditions in which both LOX and the potential heat-stable factor in malt are inactivated. After these treatments, in conditions 1 and 3, 26 nkat of rLOX-1 (equal to the endogenous LOX activity in 3.5 g of malt ‰our used in conditions 1-4) was added and the mixture incubated at 509 C for 20 min. In conditions 2 and 4, the same procedure was done, except heat-inactivated rLOX-1 was used instead of the native enzyme. We measured the regiospeciˆcity of rLOX-1 toˆnd that it produced primarily 9-HPOD (9-W 13-ratio＝98:2), showing it has a regiospeciˆcity similar to the native barley LOX-1. Conditions (a) and (b) were controls, in which the mashing procedures were done at 709 C for 30 min and 509 C for 20 min, respectively. Finally, aldehydes accumulated in the samples were measured by GC-MS ( Fig. 1 ; Notice that the vertical scale in (B), 2( E )-Nonenal or hexanal accumulated in the reaction mixture containing malt extract and 9-HPOD (A) or 13-HPOD (B) was measured by GC-MS. The reaction conditions were at 409 C for 30 min. Symbols: H, boiled extract; N, native extract; P, proteinase-K-treated extract (429 C, 1 hr); C, extract treated with heat-inactivated proteinase-K (negative control for P). Error bars show the diŠerence between two determinations. hexanal, is appox. 100 times higher than in (A), 2( E )-nonenal).
When mashing was done at 709 C for 30 min and 509 C for 20 min, the 2(E )-nonenal level was 6 nM and 91 nM, respectively (Fig. 1A-a, b) . In condition 4, in which all the enzymatic activities are expected to be inactivated, the 2( E )-nonenal level was 10 nM (Fig. 1A-4) , similar to the level observed in the mashing done at 709 C for 30 min. In condition 1, in which rLOX-1 and malt enzyme with heat-stability (survived after mashing at 709 C for 30 min) are active, 2( E )-nonenal was 145 nM ( Fig. 2A-1) . The level was slightly higher than that observed in mashing done at 509 C for 20 min, which corresponds to the typical temperature condition for traditional brewing. Comparing the 2( E )-nonenal level in mashing at 709 C for 30 min and 509 C for 20 min, or the level in conditions 1 and 4, it is clear that some enzymatic activities are involved in the production of 2( E )-nonenal. Substantial accumulation of 2( E )-nonenal in condition 1 when compared to condition 4 (approximately 15-fold increase) was due to the action of rLOX-1, because when rLOX-1 was inactivated (condition 2), this eŠect was not observed (Fig. 1A-2 ). More importantly, in condition 3, in which we intended to inactivate all the enzymatic activities by boiling, 2( E )-nonenal accumulation with incubation of active rLOX-1 was very small. The increase level remained less than twofold compared to condition 4 (Figs. 1A-3 and 4) . This result indicates that in malt, there exists a heat-stable enzymatic factor the activity of which survives through the mashing at 709 C for 30 min but is destroyed by boiling, and this factor is necessary for the transformation of the products made by LOX-1 into 2( E )-nonenal. In contrast, hexanal levels in conditions (a) and (b) were similar, suggesting enzymatic activities seemed not to be involved in the production of hexanal during mashing. A small level of increase in hexanal level with the addition of rLOX-1 might be the result of non-enzymatic formation of hexanal from 13-HPOD produced by the recombinant enzyme.
Presence of HPL-like activity in malt and its role in the production of aldehydes during mashing
The heat-stable factor that transforms the products made by the action of LOX was expected to be HPL, the enzyme that can cleave linoleic acid hydroperoxide into 2( E )-nonenal. To clarify this notion, we prepared an extract from malt and incubated with 9-HPOD or 13-HPOD, and 2(E )-nonenal or hexanal accumulated in the reaction mixtures was measured ( Fig. 2 ; Notice that the vertical scale in (B), hexanal, is appox. 100 times higher than in (A), 2( E )-nonenal). It was found that the extract degraded 9-HPOD into 2( E )-nonenal, and this activity disappeared upon boiling ( Fig. 2A-H, N) . Unexpectedly, although the result of the model mashing experiment suggested that the production of hexanal was non-enzymatic, there was a heat-sensitive factor that transforms 13-HPOD into hexanal (Fig. 2B-H,  N) . Interestingly, when the extract was incubated with proteinase K, the level of 2( E )-nonenal was reduced to 26z compared to that of the control (adding heat-inactivated proteinase K, Fig. 2A -P, C); in contrast, the level of hexanal was similar with or without proteinase K treatment ( Fig. 2B-P, C) . These results indicate that malt has activities related to HPL, which we name 9-and 13-HPL-like activity, having a diŠerent substrate preference. 9-HPL-like activity is thought to be involved in the production of 2( E )-nonenal, while 13-HPL-like-activity, although exists in malt, would not take part actively in the production of hexanal.
We further investigated to ascertain whether 9-HPL-like activity plays a role in the production of 2( E )-nonenal during mashing. To conˆrm this, we examined the residual 9-HPL-like activity in the mash sample after mashing at 709 C for 30 min with or without boiling. After the same procedures were done as previously described (Fig. 1 ), extracts were prepared from the mash samples. The extracts were incubated with 9-HPOD and the productions of 2( E )-nonenal were measured. From this assay, a residual 9-HPL-like activity was found in the mashing sample treated at 709 C for 30 min (Fig. 3-1) ; however, when the sample was further boiled, the activity was not detected at all (Fig. 3-3) . Therefore, it is thought that 9-HPL-like activity would be involved in the transformation of the products formed by the action of rLOX-1, presumably 9-HPOD, into 2( E )-nonenal.
Weˆnally measured 9-and 13-HPOD decompos- After a mashing process at 709 C for 30 min, the mash sample was either boiled or store on ice. Extracts prepared from these mash samples were then incubated with 9-HPOD and the production of 2( E )-nonenal was measured. The reaction conditions were at 409 C for 30 min. Symbols: 1 and 2, native and heat-inactivated extracts from the mash sample without boiling, respectively; 3 and 4, native and heat-inactivated extracts from the boiled mash sample, respectively. Error bars show the diŠer-ence between two determinations. Malt LOX-1 preferentially produces 9-HPOD from linoleic acid during mashing. 13-HPOD is also formed, but less than 9-HPOD, by auto-oxidation. 9-HPOD is further cleaved by 9-HPL-like activity to form 2( E )-nonenal. Due to the presence of other competing pathways, the transformation of 9-HPOD into 2( E )-nonenal is low. Although 13-HPL-like activity exists in malt, it is not involved in the production of hexanal. ing activity in malt by monitoring the decrease of 9-or 13-HPOD spectrophotometrically. Both 9-and 13-HPOD decomposing activities were detected at the level of 9.8 and 16 nkat W g, respectively. This was unexpected because when the malt extract was incubated with 9-HPOD and 13-HPOD, it produced 2( E )-nonenal and hexanal at the level of 64 nM and 7.7 mM, respectively; the level of hexanal was approximately a hundred times higher than that of 2( E )-nonenal. This implies that in addition to the cleavage reaction of 2( E )-nonenal there exist other pathways for the transformation of 9-HPOD. It is also intriguing that malt has almost same catalytic activity of 9-HPOD decomposing activity and LOX activity (7.4 nkat W g), so that theoretically, sooner after the enzymatic production of 9-HPOD, 9-HPOD will be readily decomposed into various compounds including 2( E )-nonenal.
Discussion
We found that LOX and the heat-stable enzymatic factor, which is considered to be 9-HPL-like activity, are necessary for the production of 2( E )-nonenal during mashing. In contrast, the production of hexanal seemed to be non-enzymatic, because the hexanal level was not signiˆcantly changed by the diŠerences in mashing conditions (Fig. 1) . In addition, 13-HPL-like activity showed proteinase K resistant (Fig. 2) , which suggests that hexanal will not be formed by the enzymatic cleavage of 13-HPOD. With theseˆndings, we postulate the pathways for the production of volatile aldehydes during mashing as shown in Fig. 4 . Germinating seeds of barley have two isozymes of LOX, namely LOX-1 and LOX-2. 16, 17) During the heat-drying process of germinating seeds, called kilning, LOX-2 is preferentially inactivated, 18) and as a result the residual LOX activity in malt mainly consists of LOX-1. 9-HPOD is mainly produced during mashing (9-W 13-HPOD ratio＝10:1; mashing at 529 C) by the action of malt LOX-1. 6) 13-HPOD is also formed, but less than 9-HPOD, probably by auto-oxidation. 9-HPOD is further cleaved by 9-HPL-like activity to form 2( E )-nonenal. Although 13-HPL-like activity exists in malt, it is not involved in the production of hexanal.
Although 13-HPOD is produced about 10-fold less than 9-HPOD during mashing, hexanal accumulated in the mash was approximately a hundred times higher than 2( E )-nonenal. Additionally, we found comparable amount of 9-HPOD decomposing activity to 13-HPOD decomposing activity, while 9-HPLlike activity was much less than 13-HPL-like activity. We think that this inconsistency is due to the presence of other competing pathways to the transformation of 2( E )-nonenal. Competing enzymes for 9-HPL-like activity would be hydroperoxide isomerase, 12, 13) peroxygenase-like activity, 8, 15) or allene oxide synthase. 19) In soybean seeds, it is reported that HPL cleaves 9-HPOD to form 3(Z )-nonenal, and then 3(Z )-nonenal is sequentially converted into 4-hydroperoxy-2( E )-nonenal and 4-hydroxy-2( E )-nonenal by the action of soybean LOX-1 and peroxygenase, respectively. 20, 21) Malt also has LOX-1 and peroxygenase-like activity, 15) so that it might be possible that these enzymes might produce these compounds and thus compete with the production of 2( E )-nonenal from 9-HPOD (Fig. 4) .
In practical brewing, to reduce the production of 2( E )-nonenal during mashing and thus improve the ‰avor quality of beer, repressing the activity of the LOX-1 or 9-HPL-like activity might be useful. We indicated that mashing at 709 C for 30 min was eŠec-tive for the signiˆcant reduction of 2( E )-nonenal ( Fig. 1A-a) . However, this condition is not practically acceptable, because malt enzymes indispensable for the production fermentable wort such as amylases, glucanases, or proteases are also inactivated under this condition, which leads to immature fermentation due to the insu‹cient nutrition for brewing yeasts. Additionally, it is also known that incomplete digestion of polysaccharides such as bglucan takes place in this condition, which can lead to the colloidal instability in beer and to result in the haze formation. Instead, the production of 2( E )-nonenal might be reduced by selecting malts having lower LOX or 9-HPL-like activity. It is of interest to know whether LOX or 9-HPL-like activity will decide the rate for the production of 2( E )-nonenal during mashing, because previously we found the production of DHOD and THOD did not correlate with the LOX activity of malt, rather they are thought to be dependent on peroxygenase-like activity. 15) It is possible that 9-HPL-like activity can be a rate-limiting enzyme for 2( E )-nonenal, if so it will be a better choice to screen the type of malt by its HPLlike activity. Alternatively, the production of 2( E )-nonenal might be reduced by selecting barley cultivars having heat-labile LOX or 9-HPL-like activity.
It may be easier toˆnd isoforms of heat-labile 9-HPL-like activity than toˆnd heat-labile LOX-1 isozymes from genetic resources, because the heat stability of 9-HPL-like activity is considerably higher than that of LOX activity.
In this study, we could not conˆrm whether 9-HPL-like activity is really HPL; however, heatsensitivity and proteinase K sensitivity indicate that it will be an enzyme. Further analysis and puriˆcation of this factor, which is now underway, will clarify this issue. Our study shows that in malt not only peroxygenase-like activity, but also HPL-like activity exists, which oŠers a new insight that enzymes that lie downstream of the LOX pathway might have important roles in the lipid oxidation during mashing. Qualities of beer, beverages, and food products using malt could be improved by selecting malts with low activities of these enzymes.
